RNA binding proteins required for the maintenance of myelin and axoglial junctions are unknown. Herein, we report that deletion of the Quaking (QKI) RNA binding proteins in oligodendrocytes (OLs) using Olig2-Cre results in mice displaying rapid tremors at postnatal day 10, followed by death at postnatal week 3. Extensive CNS hypomyelination was observed as a result of OL differentiation defects during development. The QKI proteins were also required for adult myelin maintenance, because their ablation using PLP-CreERT resulted in hindlimb paralysis with immobility at ϳ30 d after 4-hydroxytamoxifen injection. Moreover, deterioration of axoglial junctions of the spinal cord was observed and is consistent with a loss of Neurofascin 155 (Nfasc155) isoform that we confirmed as an alternative splice target of the QKI proteins. Our findings define roles for the QKI RNA binding proteins in myelin development and maintenance, as well as in the generation of Nfasc155 to maintain healthy axoglial junctions.
Introduction
Quaking (QKI) viable mice (qk v ) display tremors by postnatal day 10 (P10). The genetic defect in qk v is a ϳ1 Mb deletion encompassing the qkI gene promoter that reduces the expression of QKI proteins in myelinating glia (Ebersole et al., 1996) . qk v mice exhibit severe dysmyelination in the CNS and PNS, with abnormalities in nodal, internodal, and paranodal regions with spotty disruption of paranodal junctions (Chénard and Richard, 2008; Rosenbluth and Bobrowski-Khoury, 2013) . However, the exact cause of these defects remains unknown.
The qkI gene encodes KH-type RNA binding proteins that generates three major alternative splicing mRNAs (5, 6, and 7 kb) encoding QKI-5, QKI-6, and QKI-7 that differ in their C-terminal 30 aa (Ebersole et al., 1996) . QKI-5 is exclusively nuclear, whereas QKI-6 is distributed throughout the cell, and QKI-7 is predominantly cytoplasmic (Wu et al., 1999) . The QKI isoforms dimerize (Chen and Richard, 1998; Beuck et al., 2012; Teplova et al., 2013) and interact with RNA in a sequence-specific manner. The following bipartite sequence, ACUAAY-(N 1-20 )-UAAY, was identified and termed the QKI response element (QRE; Galarneau and Richard, 2005) . Transcriptome-wide CLIP (crosslinking and immunoprecipitation) confirmed the QRE in vivo and also showed that QKI associates predominantly with intronic sequences (Hafner et al., 2010) , implying a nuclear role for the QKI isoforms.
It was recognized that qk v mice harbor many RNA-associated defects. The QKI isoforms regulate the mRNA export (Larocque et al., 2002) and stability of the myelin basic protein (MBP) mRNAs (Li et al., 2000) . The QKI isoforms also regulate the mRNA stability of Krox-20 (Egr-2; Nabel-Rosen et al., 2002) , the cyclin-dependent kinase inhibitor p27 KIP1 (Larocque et al., 2005) , and the actin interacting protein 1 (Doukhanine et al., 2010) . The qk v mice display alternative splicing defects of myelin components, including myelin associated glycoprotein (MAG), proteolipid protein (PLP; Wu et al., 2002) , and Sirt2 (Zhu et al., 2012) , and these have been shown to be regulated indirectly by QKI-6 that regulates the mRNA translational control of hn-RNPA1 (Zhao et al., 2010; Zearfoss et al., 2011) and hnRNP F/H . However, nuclear QKI-5 has been shown to regulate alternative splicing in vascular smooth muscle cells and skeletal muscle (Hall et al., 2013; van der Veer et al., 2013) , but a role for QKI-5 in the regulation of alternative splicing in myelinating cells has yet to be demonstrated.
To circumvent the embryonic lethality of qkI mice and the large deletion in the qk v mice, we now report a qkI conditional allele designed to delete all three major isoforms. This new allele led to the identification of Neurofascin (Nfasc) as an alternative splicing target of QKI-5. Nfasc is extensively alternatively spliced with two major isoforms: Nfasc155 expressed in myelinating cells and Nfasc186 expressed in neurons (Ebel et al., 2014) ; however, the RNA binding proteins that regulate this alternative splicing event remain unknown. Nfasc155 is upregulated at the onset of myelination, in which it interacts with axonal Caspr and Contactin to form septate-like junctions also known as axoglial junctions (Collinson et al., 1998; Tait et al., 2000; Charles et al., 2002; Gollan et al., 2003) . Genetic ablation of Caspr, Contactin-1, or Nfasc155 leads to disrupted paranodal axoglial junctions, failure to properly segregate ion channels, and impaired action potential conduction (Bhat et al., 2001; Boyle et al., 2001; Sherman et al., 2005; Pillai et al., 2009; Thaxton et al., 2010) .
Herein, we show that deletion of the QKI isoforms in oligodendrocytes (OLs) using Olig2-Cre leads to severe CNS hypomyelination with tremors by P10 and death by postnatal week 3. Ablation of qkI in adult mice using PLP-CreERT resulted in hindlimb paralysis, thoracic kyphosis, and immobility ϳ30 d after 4-hydroxytamoxifen (OHT) administration. Our work defines QKI-5 as a regulator of Nfasc alternative splicing required for axoglial junction development and maintenance.
Materials and Methods
qkI conditional allele. All mouse procedures were performed in accordance with McGill University guidelines, which are set by the Canadian Council on Animal Care. The mouse qkI conditional allele was constructed using a previously described targeting vector (Yu et al., 2009 ). The targeting construct contained loxP sites flanking exon 2 of the qkI gene. Briefly, the sequenced plasmid was linearized and electroporated into 129/Sv ES cells. Three independent ES cell clones with homologous integration at the targeting site were injected into C57BL/6J blastocysts, and chimeras were obtained. These chimeras were subsequently crossed with C57BL/6J females, and those mice with successful germ-line transmission of the targeted allele were crossed with C57BL/6J mice expressing Flp recombinase to remove the neomycin resistance cassette resulting in a floxed allele (qkI FL/ϩ ). These mice were then intercrossed to obtain QKI FL/FL homozygote animals. Genomic DNA was isolated from ear biopsies, and a DNA fragment was amplified using the following primers: 5Ј-ACA GAG GCT TTT CCT GAC CA-3Ј and 5Ј-TTC AGA ACC CCC ACA TTA CC-3Ј, resulting in a band of ϳ191 bp in the wild-type allele and ϳ309 bp in the floxed allele. GCG GTC TGG CAG TAA AAA CTA TC-3Ј and 5Ј-GTG AAA CAG   CAT TGC TGT CAC TT-3Ј. To verify recombination between the loxP  sites, the following primers were used: 5Ј-CCT GGA ATG GTG CTT  TCC TA-3Ј and 5Ј-TTC AGA ACC CCC ACA TTA CC-3Ј . For tamoxifen treatment, a solution of 10 mg/ml tamoxifen (Sigma) was dissolved in corn oil, and 8-week-old mice were injected intraperitoneally once daily for 5 consecutive days with 1 mg/25 g.
Immunoblotting. Mice were killed in accordance with a protocol approved by the Animal Care Committee at McGill University, and tissues were immediately flash frozen on dry ice and stored at Ϫ80°C. Tissues were lysed in cold RIPA buffer (Sigma-Aldrich) with protease inhibitor mixture (Roche). Samples were incubated on ice for 30 min, sonicated, and centrifuged at 10,000 rpm for 15 min at 4°C. Supernatants were collected, and protein concentration was measured using protein assay reagent (Bio-Rad). Samples were stored at Ϫ80°C or used immediately for immunoblotting. Forty micrograms of protein per well was separated by SDS-PAGE, transferred to nitrocellulose membranes using immunoblot TurboTransfer system (Bio-Rad), and immunoblotted with the indicated primary antibody: (QKI-5/QKI-6/QKI-7 (Millipore), ␤-tubulin (Sigma), glial fibrillary acidic protein (GFAP; Sigma), neurofilament light polypeptide (Nefl; Sigma), neuronal nuclei (NeuN; Millipore Bioscience Research Reagents), Nfasc155 and Nfasc186 (Millipore), panNfasc (a kind gift from Dr. Peter J. Brophy, University of Edinburgh, Edinburgh, Scotland), MBP (Sternberger Monoclonals), Na v (Sigma), and Caspr (Abcam), followed by horseradish peroxidase-conjugated secondary antibody, and visualized by ECL Plus reagent (PerkinElmer Life and Analytical Sciences).
Reverse transcription, semiquantitative, and quantitative PCR. Total RNA from tissues were isolated in appropriate amounts of TRIzol reagent according to the instructions of the manufacturer (Invitrogen). Thirty micrograms of RNA were DNase I (Promega) treated for 30 min at 37°C. One microgram of RNA was reverse transcribed using oligo-dT primer and MMLV reverse transcriptase according to the protocol of the manufacturer (Promega). cDNAs were then amplified by semiquantitative PCR, and the DNA fragments were separated by agarose gel electrophoresis. For real-time PCR, primers were designed and efficiency tested according to the MIQE (Minimum Information for Publication of Quantitative Real-Time PCR Experiments) guidelines. Real-time PCR was performed in triplicates with a 1:4 dilution of cDNA using SyBR Green PCR Mastermix (Qiagen) on 7500Fast Real-Time PCR System (Applied Biosystems). All quantification data were normalized to GAPDH using the ⌬⌬Ct method.
Primary mouse and rat OL cultures and siRNA transfection. Primary oligodendrocyte progenitor cells (OPCs) were prepared from newborn Sprague Dawley rat brains as described previously (Almazan et al., 1993) . The cells were plated on poly-D-lysine-coated dishes and grown in serum-free DMEM/F-12 mixture (1:1) medium supplemented with 10 mM HEPES, 0.1% bovine serum albumin, 25 g/ml human transferrin, 30 nM triiodothyronine, 20 nM hydrocortisone, 20 nM progesterone, 10 nM biotin, 5 g/ml insulin, 16 g/ml putrescine, 30 nM selenium, and 10 ng/ml each of PDGF-AA and basic FGF. The progenitors are proliferative under these conditions, whereas removal of the mitogens initiates their differentiation. Culture medium was changed every 2 d under all experimental conditions. OPCs were induced to differentiate after withdrawal of growth factors for 4 d and transfected with an siRNA designed to target QKI (5Ј-GGA CUU ACA GCC AAA CAA C-3Ј) and luciferase control siRNA (5Ј-CGU ACG CGG AAU ACU UGA-3Ј) with 5Ј-tagged Alexa Fluor-488 fluorophore (Invitrogen). Primary OPCs were transfected using the Lipofectamine RNAiMax reagent (Invitrogen) according to the instructions of the manufacturer. The cells were harvested 48 h after transfection. Primary mouse OPCs were isolated from a pool of five to six wild-type or QKI FL/FL;PLP-CreERT P1 pups. The same isolation procedure as the rat OPCs was followed. Mouse OPCs were induced to differentiate for 4 d before treatment with tamoxifen.
Minigene assays. Nfasc gene exons 20 -23 with the intervening introns were amplified from mouse brain genomic DNA by PCR using the forward primer 5Ј-GGG GCTAGC CACC ATG GAC TAC AAA GAC GAT GAC GAC AAG CCT ATG AAT GCT ACC TCT GCC TTT GGC-3Ј, containing a FLAG epitope tag and an NheI site, and the reverse primer 5Ј-CCG GGC TCG AGT TAG GGC ACG TAT CTG AGG ATG TAT C-3, containing an XhoI site. The DNA fragment was then subcloned into the corresponding site of pVAX1. The mutation of the QREs within intron 21 of the minigene was performed in a two-step PCR using primers 5Ј-CCC AGC CCC ACG GAC CCA CCT TCT TGC GGG TCA GGG AAA GGG GTA GCA GCC-3Ј (forward primer) and 5Ј-CTT TCC CTG ACC CGC AAG AAG GTG GGT CCG TGG GGC TGG GTG C-3Ј (reverse primer) for QRE1 and PCR primers 5Ј-GTC ACT ACC ACC ACG GGT CAC GAG CCT GGC CCT GCT GCC TCG CCA C-3Ј (forward primer) and 5Ј-AGG GCC AGG CTC GTG ACC CGT GGT GGT AGT GAC TGG TCC TCC CTT TGC-3Ј (reverse primer) for QRE2 mutation. HEK293T cells were plated in six-well plates and transfected with 2 g of the indicated minigene with 2 g of pcDNA3.1 expression vectors encoding QKI-5, QKI-6, QKI-7, and QKI5:V157E. These plasmids have been described previously (Chen and Richard, 1998; Larocque et al., 2002) . The common forward primer for RT-PCR detection of Nfasc minigene transcripts was 5Ј-TGA CGA CAA GCC TAT GAA TGC TAC-3Ј. The reverse primer for RT-PCR detection was 5Ј-CTA GAC TCG AGT TAG GGC ACG TAT C-Ј.
RNA binding assays. Brains were lysed in cell lysis buffer (20 mM TrisHCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, and 40 U/ml RNase inhibitor, supplemented with Roche Complete Mini EDTA-free protease inhibitor) and incubated at 4°C with 4 l of 100 M biotinylated RNA 1lox is the locus predicted after homologous recombination between the loxP sites. Primers F1/R1 are designed to detect the loxP site insertion. Primers F2/R1 are designed to detect the loss of exon 2 after recombination and the generation of the 1 loxP site. B, PCR amplification of genomic DNA from ear biopsies and brains to detect the 1 lox band confirming Cre-mediated recombination. C, PCR from genomic DNA from the respective tissues showing that the 1 lox PCR band is only detected in QKI FL/FL; Venables et al., 2009) . A highly curated database has identified a genome-wide selection of 1328 alternative splicing events from the mouse RefSeq database whose isoform sizes differ by between 10 and 450 nt at a particular event. Spliced isoforms were characterized by endpoint PCR in an automated manner with the primers flanking the alternative splicing events, such that, after amplification and analysis by microcapillary electrophoresis on Caliper LC-90 instruments (Caliper Life Sciences), the relative ratio of the isoforms can be calculated. A percent splicing index (PSI) was assigned to each exon depending on its inclusion/exclusion.
Electron microscopy. Mice were anesthetized and perfused with ice-cold PBS, followed by 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. Tissues were dissected out and postfixed with 1% aqueous OsO 4 (Mecalab) with 1.5% aqueous potassium ferrocyanide for 2 h. Tissues were embedded with Epon (Mecalab). Tissue sections were trimmed and cut into 90 -100 nm sections with an UltraCut E ultramicrotome (Reichert-Jung) and put onto a 200 mesh copper grid (Electron Microscopy Sciences). Sections were then stained with uranyl acetate (Electron Microscopy Sciences), followed by Reynold's lead (Electron Microscopy Sciences). Images were captured using an FEI Tecnai 12 120 kV transmission electron microscope equipped with an AMT XR80C 8 megapixel CCD camera (McGill University, Department of Anatomy and Cell Biology). A total of two mice per genotype were analyzed. The g-ratio measurements were calculated using NIH ImageJ software. At least 100 axons per genotype were calculated.
Immunohistochemistry. Mice were anesthetized with a mixture (ketamine-xylazine-acepromazine) and perfused with ice-cold PBS, followed by 4% paraformaldehyde (PFA). Brain tissues were postfixed in PFA for 3 d, cryoprotected in 30% sucrose, and embedded in OCT compound (TissueTek) over dry ice in ethanol. Tissues were cryostat sectioned at a thickness of 10 m and collected on Superfrost ϩ/ϩ slides (Thermo Fisher Scientific). Tissue sections were blocked in 10% normal goat serum in PBS with 0.3% Triton X-100 for 1 h, followed by primary antibody: Olig2, MBP, PDGFR␣, CC1, QKI-5, QKI-6, and QKI-7 (dilution at 1:200) incubation overnight at 4°C. Slides were then incubated with Alexa Fluor-488 or -546 IgG (Invitrogen) at a dilution of 1:200 for 2 h at room temperature. Pictures were taken using Zeiss LSM Pascal Confocal Imaging System with identical settings for wild-type and knock-out antibody pairs. For staining of spinal cords and sciatic nerves, mice were killed, and the tissues were fixed in 4% PFA in 0.1 M phosphate buffer (PB) for 30 min. Spinal cords were then washed extensively with PB buffer and placed in 30% sucrose overnight. Sciatic nerves were washed with PB buffer and teased. Spinal cords were sectioned on a cryostat into 20 m sections. Spinal cord sections and teased sciatic nerves were blocked and permeabilized using 0.1 M PB buffer, 10% normal goat serum, and 0.3% Triton X-100 for 1 h, followed by primary antibodies diluted in blocking buffer: Nfasc155, Ankyrin G (AnkG; clone N106/36; Neuromab), and Caspr at 1:50 overnight at 4°C. Tissues were washed three times for 5 min each in the blocking buffers. Secondary antibodies were diluted in blocking buffer at 1:200, and slides were stained for 1 h. Pictures were taken using a Zeiss AxioImager 2 upright microscope. Images were processed with Photoshop. The intensity histogram was adjusted on grayscale images from each individual channel, and colored images were merged. Brightness/contrast adjustments were then applied across the entire set of images and equally to controls. For fluromyelin staining, brain sections were blocked with 10% normal goat serum in PBS for 1 h at room temperature, followed by 1 h fluoromyelin incubation in blocking solution (dilution at 1:300; Life Technologies). Images were acquired using an AxioImager 2 upright microscope (Carl Zeiss).
Statistical analysis. All data presented were produced in at least three independent experiments with the exceptions indicated in the figure legends. Statistical analysis was performed using the Prism software (GraphPad Software) unless stated otherwise. Significance of differences was evaluated with either Student's t test, when only two groups were compared ( g-ratio, axon diameter, nodal gap, and paranode length), or one-way ANOVA for more than two groups (RT-qPCR). One-way ANOVA was followed by Bonferroni's post hoc analysis. Significance was indicated as *p Ͻ 0.05, **p Ͻ 0.01 and ***p Ͻ 0.001.
Results
Ablation of qkI in OLs of mice leads to severe ataxia and death at postnatal week 3 Whole-body ablation of qkI leads to embryonic lethality at approximately E10 , thus preventing the assessment of the role of QKI isoforms in mammalian myelination using a loss-of-function approach. We generated a conditional mouse knock-out allele of qkI in which exon 2 was flanked by loxP sites (Fig. 1A, mice ( Fig. 1 B, C) . QKI FL/FL;Olig2-Cre mice were smaller in size (Fig.  1D) , and, at P10, displayed progressive neurological defects with tremors, seizures, and severe ataxia, followed by death by postnatal week 3 (Fig. 1E) . In the brain, the QKI isoforms are expressed in the glial lineage with high abundance in OLs (Hardy et al., 1996) . We observed that, in P14 mice, the major QKI-expressing cell was indeed the OL, because brains of QKI FL/FL;Olig2-Cre mice were essentially devoid of the QKI-5, QKI-6, and QKI-7 isoforms at this time point, as visualized by immunoblotting and RTqPCR ( Fig. 2 A, B) . Fig. 2A) . We detected the expected 50% reduction in QKI mRNA and protein levels in heterozygous mice (Fig. 2 A, B) , (Fig. 3A,B) . We also confirmed the absence of myelin by electron microscopy in the CNS using cross-sections of P14 optic nerves and spinal cords from QKI FL/FL;Olig2-Cre mice (Fig. 3C,D and E,F ). There were normal levels of myelin lamellae in wild-type QKI FL/FL;Ϫ mice with a g-ratio of ϳ0.7, whereas a g-ratio of ϳ1.0 was observed in the optic nerve and spinal cord of QKI FL/FL;Olig2-Cre mice, confirming the absence of myelin lamellae (Fig. 3G,H) . We noticed that axons in the optic nerves of QKI FL/FL;Olig2-Cre mice had a small diameter (Fig.  3C,D) , whereas in the spinal cords, certain axons were larger and displayed axonal swelling (Fig. 3E,F) , as often observed in the absence of myelin (Rosenfeld and Friedrich, 1986) . These data show that the lack of QKI in developing OLs leads to hypomyelination. (Fig.  4A,D) . OPCs positive for PDGFR␣ appeared unaffected by the loss of QKI in OLs (Fig. 4B,D) . However, CC1
OL differentiation defects in
ϩ cells were absent in the brains of QKI FL/FL;Olig2-Cre mice, which is a marker for postmitotic mature OLs (Fig. 4C,D) . In the QKI FL/FL;Olig2-Cre mice, the protein levels of GFAP, an astrocyte marker, Nefl, and NeuN, known neuronal markers, were comparable between genotypes as confirmed by immunoblotting (Fig. 4E) . These findings show that the loss of QKI prevents OL maturation with minimal to no effect on the neuronal and astrocytic populations in the brain.
Alternative splicing defects in QKI FL/FL;Olig2-Cre brains We used brain RNA from P14 wild-type and QKI FL/FL;Olig2-Cre mice to identify alternative splicing defects using layered and integrated system for splicing annotation (LISA), a highthroughput RT-PCR RNomics platform-based annotation of alternative splicing events (Venables et al., 2009 ). We performed the initial screen termed the "detection screen" using primers targeting 1328 characterized alternative splice events (ASEs), and the PSI was calculated for each event. From this list, 96 ASEs (with a ⌬PSI of at least 0.10) were selected for the "validation screen," and n ϭ 3 mice per genotype were used and their PSI values were calculated. This screen yielded 31 ASEs that were significantly altered with the loss of QKI (Table 1) . We searched for neighboring QREs (ACUAAY-N 20 -UAAY; Galarneau and Richard, 2005) adjacent to the alternatively spliced exons, and we identified at least one QRE near each splice event, suggesting that these splicing events are directly regulated by QKI (Table 1 ). The ) . B, RT-qPCR using primers spanning the exon-exon junction for exon 17 of Nfasc186, exons 21/22 of Nfasc155, and primers that detect the total mRNA of Nfasc. The results are represented in terms of fold change after normalizing the mRNA levels to GAPDH mRNA from n ϭ 3. Each value represents the mean Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01. C, Western blot analysis of total brain lysates immunoblotted with anti-Nfasc155, anti-Nfasc186, anti-pan-Nfasc, anti-Na v , anti-Caspr, and anti-␤-tubulin. Molecular mass markers are shown on the left in kilodaltons. D, Immunoblot analysis of RNA pull-down assay from brains of wild-type P14 mice using biotinylated RNA harboring either wild-type or mutated QREs (mutated sequences indicated) using QKI-5 antibody. Increasing salt concentrations were used to compete with the binding. E, Schematics of the genomic DNA region used to generate the Nfasc155 minigene; the location of the primer set used for RT-PCR are marked by arrows. Wild-type sequences as well as sequences harboring mutant QRE1, QRE2, or both are shown. HEK293T cells were transfected with the Nfasc minigene plasmid and either expression vectors for QKI-5, QKI-6, QKI-7, or QKI-5:V157E. Total RNA was isolated 48 h later and analyzed by RT-PCR. F, Protein expression of transfected plasmids in HEK293T cells is determined by immunoblotting using the indicated antibodies. Myc-tagged QKI proteins migrate higher than endogenous QKI isoforms. (Table 1) . Alternative splicing of Nfasc produces cell adhesion proteins termed Nfasc155 and Nfasc186, which are the major isoforms (Sherman , 2005) . The regulation of Nfasc alterative splicing is unknown. Nfasc155 is OL specific, and exons 21/22 encode a fibronectin III-like domain unique to this isoform (Collinson et al., 1998) , whereas exon17 is unique to neuronal Nfasc186 (Ebel et al., 2014) . In QKI FL/FL;Olig2-Cre mice, we observed a lack of Nfasc exons 21/22 inclusion and an increase in exon 17, as well as deregulation of exons 2 and 8 (Table 1) . We confirmed the exclusion of Nfasc exons 21/22 and the inclusion of exon 17 by RT-PCR in the brains of QKI FL/FL;Olig2-Cre mice using primers flanking these exons (Fig. 5A ). These findings were also confirmed by RT-qPCR (Fig. 5B) , whereas the overall Nfasc transcript levels were unaffected (Fig. 5B ). Nfasc155 protein was absent, whereas Nfasc186 remained unchanged by immunoblotting whole-brain lysates (Fig. 5C ). The loss of Nfasc155 did not lead to reduced expression of the voltagegated sodium channel (Na v ) or Caspr (Fig. 5C) The results are represented as the average fold change obtained from the individual treatment after normalizing the mRNA levels to GAPDH mRNA. Each value represents the mean Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01. D, RT-PCR from differentiated rat OPCs transfected with either siLuc-GLO or increasing concentrations of siQKI-GLO using primers for exon 17 (Nfasc186-specific) and exons 21/22 (Nfasc155-specific). GAPDH is used as a control. E, Immunoblot analysis from undifferentiated and differentiated rat OPCs for 4 d and then transfected with increasing concentrations of siQKI-GLO (5, 10, 20, and 40 nM) blotted using anti-Nfasc186, anti-Nfasc155, and anti-␤-tubulin. F, Immunoblot analysis from differentiated rat OPCs for 4 d and then transfected with increasing concentrations of siQKI-GLO (5, 10, 20, and 40 nM) blotted using anti-QKI-5, anti-QKI-6, anti-QKI-7, and anti-␤-tubulin.
We analyzed the genomic sequence surrounding exons 21/22 of Nfasc155 for the presence of QREs. Two putative QREs were identified in intron 21 that could be responsible for the alternative splicing of the exons 21/22. QRE1 (UAAC-N 9 -GCUAAC) deviates by a single mismatch (underlined) from the consensus QRE, whereas QRE2 is a perfect binding site. To examine whether these QREs are indeed functional, biotinylated RNAs harboring wild-type and mutated binding sequences were synthesized for each Nfasc QRE. RNA pull-down assays were performed with brain cell lysates from wildtype mice, and the enrichment of QKI-5 was observed by immunoblotting in the presence of increasing concentrations of sodium chloride. Both QRE1 and QRE2 affinity purified QKI-5, although QRE2 bound with a higher relative affinity. Mutations within the sequences prevented binding (Fig. 5D ). To show that QKI isoforms regulate Nfasc alternative splicing via these QREs, we next generated a minigene with a Nfasc genomic fragment spanning the exons 21/22 cassette (Fig. 5E) . The minigene was cotransfected in HEK293T cells with expression vectors encoding QKI-5, QKI-6, QKI-7, or an RNA binding defective version of QKI-5 (QKI-5:V157E). QKI-5 expression led to inclusion of exons 21/22, but little to no inclusion was observed with QKI-6, QKI-7, or the RNA binding defective version of QKI-5 (QKI-5:V157E; Fig. 5E ). The overexpression of the QKI-6 isoform led to a slight inclusion of exons 21/22 that could be explained by the endogenous expression of QKI-5 in HEK293T cells, which could dimerize with QKI-6 and lead to inclusion of these exons (Fig. 5E) . Mutation of QRE2, but not QRE1, prevented this inclusion, suggesting that QRE2 is the major binding site used by QKI-5. Equivalent QKI protein expression was confirmed by immunoblotting (Fig. 5F ). These observations demonstrate that Nfasc is a direct alternative splicing target of QKI.
Loss of QKI in the CNS and PNS of adult mice leads to paralysis
We subsequently investigated the role of QKI proteins in myelin maintenance in adult mice using the OHT inducible Cre line (PLP-CreERT; Doerflinger et al., 2003) . Eight-week-old QKI FL/FL;PLP-CreERT mice and age-matched wild-type littermates were injected with OHT for 5 consecutive days. The presence of the qkI 1lox band was readily detected in brains of QKI FL/FL;PLP-CreERT mice as early as 5 d after OHT treatment (Fig. 6A) . QKI FL/FL;PLP-CreERT mice progressively developed hindlimb paralysis with visible thoracic kyphosis at approximately post-OHT injection day 20 (Fig. 6B,C) . Numerous QKI FL/FL;PLP-CreERT mice reached a clinical endpoint of accelerated breathing and immobility at approximately 30 d after OHT, so the animals were killed. As early as post-OHT day 15, the mice also displayed a characteristic shaking phenotype when held by the tail. These findings show that deletion of QKI in myelinating glia of adult mice results in paralysis and immobility.
QKI regulates Nfasc pre-mRNA alternative splicing in mature OLs
We next examined whether the loss of QKI in mature OLs could affect the Nfasc155 isoform expression. Indeed, we observed exclusion of Nfasc155 exons 21/22 in QKI FL/FL;PLP-CreERT mice as early as 5 d after OHT injection in the brains, spinal cords, and sciatic nerves with a concomitant inclusion of exon 17 (data not shown) and persisting at 30 d after OHT injection as shown by RT-PCR (Fig. 6D ) and RT-qPCR (Fig. 6 F, G) . The exclusion of exons 21/22 was paralleled with an appreciable reduction in Nfasc155 protein observed at 30 d after OHT injection with no visible increase in Nfasc186 (Fig. 6E) . We next isolated primary OL precursor (OPC) cells from P1 QKI FL/ϩ;Ϫ and QKI FL/FL;PLP-CreERT mice and induced them to differentiate for 4 d before treating them with increasing concentrations of OHT. Genomic PCR confirmed recombination between the loxP sites in OLs with the generation of the 1 lox allele (Fig. 7 A, B , top panels). The exclusion of exons 21/22 and the inclusion of exon 17 was observed in differentiated cultures treated with OHT of QKI FL/FL;PLP-CreERT OLs compared with QKI FL/ϩ;Ϫ OLs using RT-PCR (Fig. 7 A, B , bottom panels) and RT-qPCR (diff, Fig. 7C ), although no change was observed in undifferentiated cultures without OHT treatment (Fig. 7 A, C) .
We investigated whether we could observe these Nfasc alternative splicing defects in primary rat OLs using fluorescently labeled (GLO) siRNAs targeting QKI. The transfection efficiency was Ͼ50% (data not shown). An increase in exons 21/22 exclusion ( Fig. 7D ; exon 20/23 fragment) and the inclusion of exon 17 was indeed observed ( Fig. 7D ; exon 16/17/18 fragment) even with the lowest siQKI-GLO concentration, whereas a decrease in the complementary isoforms was difficult to observe because of their elevated abundance after inducing differentiation (Fig. 7D) . A significant decrease in Nfasc155 protein levels was observed with increasing concentrations of siQKI-GLO, but we were unable to detect the appearance of Nfasc186 in the primary rat OLs (Fig. 7E) . We confirmed that the siQKI reduced the expression of the QKI isoforms, and this was evident at 40 nM, as assessed by immunoblotting (Fig. 7F ) . Together, our findings show that QKI regulates Nfasc alternative splicing to maintain Nfasc155 expression in mature OLs. 
mice
We next sought to assess the integrity of the nodes of Ranvier and the paranodes using immunofluorescence and electron microscopy. Ultrastructure analysis of optic nerves and spinal cords showed that wild-type mice had properly formed and spaced paranodal loops (Fig. 8 A, C) . Although in QKI FL/FL;Olig2-Cre mice, the optic nerves were translucent, a sign of hypomyelination (data not shown) and paranodal loops were difficult to observe being large with little periodicity (Fig. 8 B, D) .
Next, using spinal cords and sciatic nerves from adult QKI FL/FL;PLP-CreERT mice, we could assess the role of the QKI proteins in axoglial junction maintenance. In wild-type mice, immunostaining for paranodal Nfasc155 and Caspr along with the nodal AnkG at 30 d after OHT injection showed normal localization of Nfasc155 and Caspr at the paranodes, with AnkG being restricted to the nodes (Fig. 9 A, B) . The QKI FL/FL;PLP-CreERT mice harbored abnormal Nfasc155 and Caspr staining patterns at the paranodes. Staining for Nfasc155 in the spinal cord showed that loss of Nfasc155 ϩ staining in one paranode was observed in ϳ15% of the paranodes, whereas 69% displayed loss of Nfasc155 ϩ staining in both paranodes and ϳ16% had an increased distance in between the paranodes. Staining for Caspr showed that loss of Caspr ϩ staining in one paranode counted for ϳ58% of the paranodes, whereas 9% displayed loss of Caspr ϩ staining in both paranodes and ϳ32% had an increased distance in between the paranodes. We quantified the total number of each observed defect using both anti-Nfasc155 and anti-Caspr. The loss of both Nfasc155 ϩ paranodes was the most observed abnormal staining pattern. In the sciatic nerves, a significant number of paranodes displaying increasing nodal gap and shorter paranode length compared with wild-type mice was observed (Fig. 9B, bottom panel) . We also confirmed the paranodal defects in these mice by electron microscopy in spinal cord samples. Wild-type mice displayed regular paranodal loops that terminate at the axon with tight axoglial junctions and minimal spacing between the paranodal loop and the axolemma (Fig.  10 A, B) . In QKI FL/FL;PLP-CreERT mice, many terminal paranodal loops were found to be everting away from the axon and displayed irregular formations in which the loops abut each other instead of the axons (Fig. 10C) . Absence of transverse bands is evident in these mice along with an increase in the paranodal junction gap width (Fig. 10D) . These findings show that the loss of QKI expression in QKI FL/FL;PLP-CreERT mice leads to defective axoglial junctions and confirms the requirement for the ongoing expression of QKI to maintain expression of Nfasc155 and hence paranodal integrity.
Discussion
Here, we report a mouse conditional null allele of the QKI RNA binding proteins. Deletion of QKI in OLs with Olig2-Cre caused the mice to develop rapid tremors at P10, followed by death at postnatal week 3. The mice had a severe hypomyelination phenotype, with OLs unable to fully mature beyond the PDGFR␣ ϩ stage. Removal of QKI expression in adult mice using PLP-Cre-ERT resulted in hindlimb paralysis and immobility by ϳ30 d after OHT injection. In these mice, we observed defects in axoglial junctions. High-throughput quantitative PCR identified several alternative splicing defects, including that of the axoglial protein Nfasc. Our findings define roles for QKI in myelin development and maintenance, as well as in the Nfasc isoform balance to maintain intact axoglial junctions.
The onset of tremors in the QKI FL/FL;Olig2-Cre mice at P10 and death at postnatal week 3 is similar to null alleles of Nfasc155 (Sherman et al., 2005; Pillai et al., 2009 ), Caspr (Bhat et al., 2001 ), and Contactin (Berglund et al., 1999 in that they die at postnatal week 3; however, they do differ in that QKI FL/FL;Olig2-Cre mice completely lack myelin, whereas the other mice have normal myelin. These findings suggest that a major function of the QKI proteins is to generate the Nfasc155 isoform for proper development of the axoglial junctions. Moreover, we identify a regulatory pathway through which QKI regulates Nfasc pre-mRNA splicing to generate Nfasc155. The binding of QKI to an RNA element (QRE2) in Nfasc intron 21 is required to promote inclusion of exons 21/22, which encode the third fibronectin-like domain unique to Nfasc155. A position-dependent asymmetric regulation of alternative splicing has been proposed for QKI with binding to QREs upstream of skipped exons and downstream of included exons in muscle (Hall et al., 2013) . The fact that QRE2 is upstream of included exon 22 suggests that QKI does not exclusively function in a position-dependent asymmetric regulation, like nSR100 (Raj et al., 2014) . The absence of QKI in primary OLs led to the production of Nfasc186 mRNA, but not protein. These observations suggest that the Nfasc neuronal isoforms may be the default mRNA produced in the absence of the QKI proteins. It is likely that QKI functions in collaboration with other splicing factors to regulate the Nfasc splicing events. Indeed RBFOX2, PTB, and SF1 have been shown to influence the alternative splicing activity of QKI in tumor microenvironment (Brosseau et al., 2014) , muscle differentiation (Hall et al., 2013) , and lung tumorigenesis (Zong et al., 2014) , respectively. We also note the presence of eight QREs in the Nfasc155 mRNA. These observations suggest that the QKI isoforms may also regulate Nfasc mRNA export, transport, mRNA stability, and translation.
The qkI conditional allele provides a role for the QKI proteins in axoglial junction formation and maintenance. Although paranodal defects were observed in myelin mutants, such as Shiverer and qk v (Rosenbluth and Bobrowski-Khoury, 2013) , these are likely a consequence of the severe dysmyelination and loss of mature OLs. We show that our observed paranodal defects are not solely an outcome of dysmyelination but are attributable to the lack of the generation of the Nfasc155 isoform. This was confirmed with primary rat and mouse QKI FL/FL;PLP-CreERT OLs. In vivo deletion of the QKI proteins in QKI FL/FL;PLP-CreERT mice further substantiated the requirement of QKI to maintain axoglial junctions. Despite adult mice possessing established axonal domains, removal of QKI resulted in the rapid loss of Nfasc155 mRNA and protein along with the observed paranodal axoglial junction defects. A similar defect is observed in adult OL-specific loss of Nfasc155 Ϫ/Ϫ (Sherman et al., 2005; Pillai et al., 2009 ). This suggests that axoglial components are continuously being replenished to maintain the integrity of the nodes and paranodes and further demonstrate an ongoing requirement for glial QKI expression to maintain Nfasc155 protein. A complete absence of Nfasc155 at the paranodes in Nfasc155 FL/FL;PLP-CreERT mice was only seen after 90 d after OHT injection, whereas by day 20 after OHT injection, only a 50% reduction in Nfasc155 levels was observed (Pillai et al., 2009) . Consistent with this observation, QKI FL/FL;PLP-CreERT mice display the expected 50% reduction in Nfasc155 staining with a significant increase in nodal gap. However, unlike Nfasc155 FL/FL;PLP-CreERT mice, the QKI FL/FL;PLP-CreERT mice exhibit progressive paralysis with immobility ϳ30 d after OHT injection, preventing additional analysis of axoglial junction defects. Therefore, the death of the QKI FL/FL;PLP-CreERT mice cannot be explained solely by the loss of Nfasc155, indicating that deregulated control of RNA metabolism of other QKI targets also contribute to the phenotypes of these mice.
In humans, QKI has been associated with neurological disorders. Decreased expression of the QKI proteins is associated with schizophrenia along with other myelin abnormalities (Katsel et al., 2005; Haroutunian et al., 2006) . Abnormally spliced Nfasc has been identified in schizophrenic brains (Wu et al., 2012) , suggesting that reduced levels of QKI may be responsible for this event. Proper formation and maintenance of paranodal domains is critical, because disruption of Nfasc localization has been shown to lead to early changes that precede demyelination in multiple sclerosis (Howell et al., 2006) . Thus, the regulation of Nfasc alternative splicing by QKI may be disrupted in certain demyelination disorders and schizophrenia. A breakpoint mutation in humans mapping to the QKI locus leads to a phenotype similar to 6q terminal deletion syndrome, with characteristics such as intellectual disabilities, hypotonia, seizures, brain anomalies, and specific dysmorphic features (Backx et al., 2010) . Our findings suggest that the loss of QKI leads to paranodal defects, which may be associated with certain neurological disorders.
In conclusion, using a new conditional allele of qkI, we show that QKI not only plays a role in myelin development via the regulation of OL differentiation but also in myelin maintenance in adult mice. Our studies identify a novel role for the QKI proteins in axoglial junction maintenance by regulating the expression of the Nfasc155 splice isoform. These findings define the QKI RNA binding protein as a critical regulator of many RNA processes in myelinating glia, including alternative splicing.
